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FLIGHT TESTS OF AN AIRPLANE SHOWING- DEPENDENCE OF THE 
MAXIMUM LIFT COEFFICIENT ON THE TEST CONDITIONS 
By H« A. Soulo and James A. Hoot man 



SUMMARY 



Data are presented to show the extent to which the 

maximum lift coefficient and, consequently, the minimum 

speed of an airplane, as determined "by flight tests, may 

vary with test conditions. The data show that C T may 

^max 

vary "by as much as 14 percent, depending on the altitude 
and wing loading at which the tests are made, the position 
or motion of the propeller, and the rate at which the an- 
gle of attack is changing when the maximum lift coeffi- 
cient is obtained. The variation of the maximum lift co- 
efficient with these factors, which are under the control 
of the test engineer, shows the need of standardizing the 
test procedure. A further variation is shown with wing 
conditions as affected "by weathering and vibration, fac- 
tors that cannot "be completely controlled. 



INTRODUCTION 



General experience with the measurement of minimum 
speeds and maximum lift coefficients has indicated con- 
siderable difficulty in obtaining agreement between suc- 
cessive measurements on a given airplane, between wind- 
tunnel and flight- tests of a complete airplane, and be- 
tween measured and predicted minimum speeds for a given 
airplane. The purpose of the present paper is to present 
N.A.C.A. flight experience with one airplane and to dis- 
cuss the factors that were found to affect the minimum 
speeds and the maximum lift coefficients obtained under 
different tost conditioiis. The factors investigated were 
Reynolds Number, which was varied by changing the wing 
loading and altitude, propeller condition, rate of change 
of angle of attack, and wing-surface condition. The data 
were obtained in connection with one phase of a general 
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investigation of scale effecrt, which included a comparison 
of results obtained in flight with those obtained in the 
full-scale wind tunnel. 

APPARATUS A:;D METHOD 



The Fairchild 22 airplane used in the investigation 
is a small two-place parasol monoplane powered with a 145- 
hor sepower Warner engine and equipped with a specially fin- 
ished wing of rectangular plan form and N.A.C.A. 2Ril2 
section. The wing has semicircular tips and a slight 
t railing-edge cut-out at the center section (fig. l). The 
mean chord, which was used as a reference length in the 
computation of Reynolds Numbers, is 5.21 feet. 

In order to reduce the effects of surface roughness, 
the portion of the wing including the leading edge and ex- 
tending on the upper surface 18 inches and on the lower 
surface 12 inches "back from the loading edge was given a 
very smooth, uniform finish. The entire wing was polished 
and waxed at the "beginning of the. flight tests and the 
portion of the wing having the special finish was repol- 
ished before each flight. As a further aid in securing 
good flow conditions, the gap between the wing and the ai- 
leron was closed "by means of a flexible fabric seal. 

The recording instruments used in the investigation 
consisted of an air-speed meter, an angle-of-at tack meter, 
an accoleromoter , and a timer. The air-speed recorder was 
connected to a swivel ing pitot-static head mounted on a 
light "boom about one chord length forward of the leading 
edge of the right wing at the semi span and slightly below 
the plane of the chord. This air-speed recording system 
was calibrated in flight by the use of a suspended static 
head as described in reference 1. 

The angle-of-at tack recorder consisted of a differen- 
tial-pressure-type yaw head mounted on a boom similar to 
that employed for the air-* speed head but on the opposite" 
side of the airplane. The installation of the booms is 
shown in figure* 2. The angle-of-at tack recorder was cali- 
brated in steady glides with the aid of a recording in- 
clinometer by timing the airplane for a known change of 
altitude as indicated by a calibrated Kollsman altimeter. 
The aeccleromctcr was used to record tire components of ac- 
celeration parallel to the X and Z body axes. The 
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timer v/as used in determining the rate of change of angle 
of attack and for synchronizing the records from the dif- 
ferent instruments . 



The general method employed in the investigation was 
to fly the airplane with a known wing loading at the de- 
sired altltu&e at which either a series of steady glides 
cr a series of pull-ups to the stall at various rates of 
change of angle of attack would "be made. The flights were 
made only when the air was smooth. The air speed, angle of 
attack, and accelerations were recorded by the instruments 
as functions of time. The approximate time at which the 
lift coefficient reached a maximum in each run was obtained 
from an inspection of the film records. The value of the 
lift coefficient was then calculated for several instants 
at intervals of 1 second or less in the vicinity of the 
time at which the maximum value was expected. 

In the calculation of the lift coefficients the re- 
sultant force acting on the airplane and its direction 
relative to the airplane axes were computed from the ac- 
celerometer records and the weight of the airplane at the 
time of the tests. The lift L, which is defined as the 
component of force normal to the wind axis, was determined 
from the resultant force and the angle of attack. The 
weight for each flight was estimated from the weight of 
the airplane and pilot obtained immediately after the 
flight by correcting for the fuel used in returning to the 
hangar. The dynamic pressure q was obtained "by correct- 
ing the pressure given "by the air-speed head for the posi- 
tion error. From the simultaneous values of L and q 
so found, the lift coefficient was computed from the rela- 
tion 

L qS 

in which S is the area of the wing (171 square feet). 



Variation of the Reynolds Number was secured by vary- 
ing the wing loading and the altitude at which the tests 
were made. For the low Reynolds Number condition, the 
airplane was flown with the lightest load and at the high* 
est practicable altitude. High Reynolds Numbers were ob- 
tained by flying with full service loading and 500 pounds 
of ballast in the front seat and at the lowest practicable 
alt 1 tude • 
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Tests Y7 ere nade with the propeller stopped in both 
vertical and horizontal positions, idling, and turning at 
full speed. The rate of change of the angle of attack was 
varied "by changing the rate at which the control stick 
was moved during the pull-ups. 

Although, as has "been noted, the portion of the wing 
having a special finish was repolished "before each flight, 
some small irregularities in the wing surface developed 
from time to time owing to checking of the dope finish, 
particularly at the leading-edge reinforcement. In order 
to obtain an indication of the effect of the small ridge 
thus formed, several flights were made in which a linen 
thread 6 feet long and having a diameter of approximately 
0.015 inch was attached to the central portion of the upper 
surface of the smooth wing about 3 inches back of the lead- 
ing edge. 

RESULTS AND DISCUSSION 



The results of the investigation are given in tabular 
form in tables I to V. Since minimum speed is dependent 
upon the loading of the airplane, as well as upon the lift 
coefficient, the results are given in most cases in terms 
of maximum lift coefficient rather than in terms of mini- 
mum speed. The corresponding percentage variations in the 
indicated minimum speed for a given loading are approxi- 
mately half as large as those for maximum lift coefficient. 

All of the values given in the tables, with the ex- 
ception noted in table III, represent the mean obtained 
from four to six different runs made under supposedly iden- 
tical conditions in one flight. The values for all the 
runs from each flight were averaged to increase the preci- 
sion of the final results. Table I has been included to 
show the variation that occurred in the results of the in- 
dividual runs of the different flights as an indication of 
the precision to be expected when measurements are made 
under constant test conditions. Data from two representa- 
tive flights showing respectively the minimum and maximum 
variations in the results of individual runs for a series 
of 20 flights are presented. Calculations made on the ba- 
sis of the results of this series of flights indicate a 

r>robable maximum variation in the values of Ct of 2.5 

max 

percent and an average deviation of the individual results 
from the mean value of less than 1 percent. 
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The air speeds given in table I are those occurring 
at the instant the max i Muni lift coefficient -was attained. 
It is Import a&t to note that the occurrence of the max i nun 
lift coefficient and of the minimum recorded air speed 
were rarely coincident, the speed usually continuing to 
fall off slightly after the n oeg±miing of the stall. The 
results of a typical run showing this effect are giveal in 
figure 3 in which air speed, lift coefficient, and eleva- 
tor deflection are plotted against time. As will he seen 
fron the figure, following the attainment of the naximun 
lift coefficient, there is a short period during which the 
speed falls "below the stalling speed before the increase 
normally associated with the stall is apparent. The mini- 
mum speed for the run shown is 0.8 of a mile per hour "be- 
low- that corresponding to the maximum lift coefficient. 
It is believed that the difference "between the minimum and 
stalling speeds results from an inertia effect similar to 
that occurring in whip stalls and is dependent on the rate 
of change of angle of attack at the stall and on the stall- 
ing characteristics of the wing "being tested. 

The attainment of a speed lower than the stalling 
speed in gradual pull-ups of the type made is of practical 
importance only in regard to the possible errors it may 
introduce in the results when the accelerations are not 
recorded. If the air speed is recorded, it is believed 
that the stalling speed may be chosen without difficulty 
once the general character of the records is appreciated. 
If an indicating instead of a recording air-speed meter is 
used, the observer should be familiar with the expected 
sequence of events and should discount any sudden changes 
in the reading of the indicator as the airplane noses over 
or falls off on a wing following the stall; figure 3 shows 
such a change occurring after a time interval of 8 seconds. 

In connection with the measurements, care should be 
taken to secure an accurate calibration of the air-speed 
recording installation, particularly in the speed range 
just above the stall. For example, even though a swivel- 
ing air-speed head was used in this investigation and was 
mounted approximately one chord length forward of the 
leading edge, considerable correction was necessary, as 
shown in figure 4, for one value of the wing loading. As 
will be noted, the error increases rapidly as the stalling 
speed is approached, showing that the extrapolation of a 
calibration curve which does not extend to the stalling 
speed may load to serious errors. 
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Ef f o ct __o f rate of change of a&gle ®£ attaojg • - The 

wind-tunnel tests with which flight measurements are gen- 
erally compared are usually made with the model stationary 
and, for purposes of comparison, it would "be desirable if 
flight tests could be made in the same manner. Comparable 
test conditions are very difficult to secure in flight, 
however, because of the unstable character of the atmos- 
phere* Any disturbance is likely to precipitate a partial 
stall of the airplane and, even if the stall is only tem- 
porary in character, the records obtained for the subse- 
quent complete stall will be influenced by the so-called 
"hysteresis 11 shown by the lift curve. Moreover, many air- 
planes cannot bo flown steadily at the stall. In practice, 
the procedure is either to fly the airplane at the mini- 
mum steady speed or to increase slowly the angle of attack 
until the airplane stalls. These two methods are usually 
assumed to give comparable results. Actually, the differ- 
ence is appreciable. Table II shows the difference in the 
results obtained for steady glides and for pull-ups made 
at the slowest possible rate at which the pilot could be 
sure- that the increase of angle of attack was continuous. 
The rate of change in the angle of attack averaged about 
0#2° per second, which corresponded to a speed decrease of 
the order of 0*5 mile per hour per second. As will be 
noted, the tests showed a difference of approximately 3 
percent in C T for the two methods, further tests 

11 max 

were made in which the rate of pull-up was varied. The 
data from these tests are not given because it is impossi- 
ble to obtain consistent variation in the speed of the 

pull-ups, but the results indicate that C T increases 

■"max 

with the speed of the pull-up* These conclusions have been 
substantiated by unreported tests of the airplane in the 
full-scale tunnel and - " of the M.A.C.A. 2R]_12 airfoil alone. 
The airfoil tests indicate that the greatest increase in 

C T lies between dcx/dt = 0 and da/ dt = 0*2° per 

•^max . 
second, the increase between dec/dt = 0 # r?. and da/ dt ~ 
0.4° per second being only one-third as large. 

Effect of -oro-peller The variation in the maximum 
lift coefficient with the propeller condition is shown in 
table III. It will be noted that with the propeller 
stopped the lift coefficient depends to some extent upon 
the propeller position. The difference is usually not 
large and is probably within the precision of the average 
test, but the small consistent increase that results when 
the propeller is stopped in the horizontal position indi- 
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catos Its presence* This effect is not of great importance, 
"because it is usually obscured by factors over which the 
test engineer has no control. The effect of rotation of 
the propeller, however,- is of importance • The data indi- 
cate that, for the airplane tested, C T is 4 percent 

•"max 

greater for the propeller idling at about 550 r.p.m, than 
for the propeller stopped vertically. It is, of course, 
to be expected that even for the same airplane the differ- 
ence will vary with the idling speed of the engine, as de- 
termined by the throttle stop setting.' The effect of the 
propeller will also vary with the geometric arrangement of 
the airplane and the relation 'of the propeller to the wing. 

The large increase in 6 T obtained with full throttle, 

^max 

as shown in table III, is usually observed, 

Effoc t^o^Eeynold^number It is generally understood 
that, in the application of model data to an airplane, al- 
lowance should be made for an increase of C T with 

L max 

Reynolds Number, It is not so widely appreciated, however, 
that the variation of Reynolds Number for different condi- 
tions that may be encountered during the course of a pro- 
longed scries of tests may be sufficient to prevent the at- 
tainment of consistent results. The variation of Gt. 

^max 

with Reynolds Number is shown in table IV, It is of inter- 
est to note that the increment is approximately the same 
for the two propeller conditions illustrated. As previous- 
ly noted, the Reynolds Number was varied by flying with 
light loading at high altitude and with heavy loading at 
low altitude. The weight variation was from 1,625 to 
2,232 pounds, or 37 Percent of the gross weight for the 
lighter loading, which is scmewhat larger than the pay load 
of T:Ost airplanes. In the present case the difference in 
weight accounted for about 84 percent of the change in 
Reynolds Number, the altitude difference having only a 
small effect. It should be noted, however, that even with 
no change in the loading a large variation in Reynolds Num- 
ber may occur if tests are made at low altitude in winter 
and at high altitude in summer. For example, the varia- 
tion in the Reynolds Number corresponding to a change from 
an altitude of 2,000 feet and a temperature of 0° F. to an 
altitude of 10,000 feet and a temperature of 50° F, is ap- 
proximately 3 3 percent, 

Effect of wing condition,- The wing used in the tests 
had been in storage for a considerable period prior to the 
beginning of the project. After the surface had been pre- 
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pared the wing was installed and the airplane rigged for 
the tests. After several preliminary flights the airplane, 
was tested in the full-scale tunnel, tested in flight, re- 
tested in the tunnel, and finally retested again in flight. 
The time elapsing between the installation of the wing and 
the final test was 225 days. The data for a number of 
flight s' made under comparable conditions at intervals dur- 
ing this time show a small consistent decrease in c L mox 

with time. This decrease was particularly noticeable 
after the first series of tunnel tests, after which a 
drop of more than 5 percent was observed. 

Observations showed some deterioration of the wing 
finish during the flight tests which could not have been 
prevented. The sag of the fabric between the ribs varied 
from day to day, probably with humidity and temperature, 
and the angle of the wing setting on one portion of the 
wing changed about 0.5° between the beginning and the com- 
pletion of the tests. It is not believed that the results 
of any one of these changes by itself could cause differ- 
ences in lift of the magnitude noted. No satisfactory 
explanation has been found for the large drop in the maxi- 
mum lift coefficient observed after the first series of 
tunnel tests, but it is believed that the relatively se- 
vere vibration which occurred at the stall in the tunnel 
may have resulted in the immediate take-up of all initial 
slack in the wing rigging. This process would normally 
have taken a considerably longer period of time in flight. 

The decrease in C T caused by the small ridge secured 

-'max 

by doping a linen thread to the upper surface of the wing, 
as previously explained, is shown by table V to be about 
1.4- percent. 

CONCLUDING REMARKS 



Variations in the rate of change of angle of attack, 
the propeller condition, and the Reynolds Number are under 
the control of the test engineer. The summation of the^de 
viations observed, due to variations in these test condi- 
tions for the same wing condition, amounted for this air- 
plane to 14 percent, which illustrates the necessity of 
maintaining constant tost conditions if consistent results 
are to be obtained. The desirability of standardizing the 

test -orocedure in measuring C T and minimum speed, so 

L max 

that the results of different tests will be to some extent 
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comparable, is clearly shown. Obviously the tost condi- 
tions should always "be specified in giving the value of 
0 T or of the minimum speed of an airplane. 

It may "be stated that, for a series of tests made 

over a relatively short period of time, all of which are 

made at the same pressure altitude, with the propeller 

stopped in the same position, with the same wing loading, 

and with the angle of attack increasing to stall as slowly 

as the pilot can accomplish it "by steady and continuous 

motion of the elevator, the maximum dispersion in the 

values of C T and of minimum s^oeed is unlikely to ex~ 

^max 

coed 3 percent and 1.5 percent, respectively, and the cor- 
responding probable errors should not exceed one-third of 
these values. 

The condition of the wing, as affected by weathering, 
weaving, or warping, and by changes in the rigging is only 
partly under the control of the test engineer. If consid- 
erable time elapses or if the wing is subjected to rela- 
tively severe strains between tests, it is possible, at 
least in the case of a wing of wood and fabric construc- 
tion, that the results of the later test may show a de- 
crease in C T of several percent of the value obtained 
^max 

^hen the wing was first installed. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , October 13, 1937. 
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TABLE I 

Variation . of Results Obtained Under Similar Conditions 



Run 


Pre ssure 
(in. Eg) 


Temperature 
( q P. ) 


Reynolds 

Number 
(millions) 


Indicat ed 
air speed 
( m » p . h • ) 

L . _ 


! °T 

max 




ig surface 


roughened "by doping thread on wing 


1 


20.575 


45 


2,195 


53.0 


1. 29 3 


2 


20,675 


45 


2.215 


5 3,3 


1, 299 


s 


20.675 


45 


2.198 


5 3.2 


1,301 


4 


20. 675 


45 


2.198 


53.3 


1.299 


Average 


20. 675 


45 


2. 202 


53.2 


1.298 



Maximum dispersion in C T = 0.008, or 0*6 percent 

•^max 



Wing surface polished 



1 


2 8.36 


2 3.5 


3.002 




58.2 


1.478 


2 


28,35 


23.5 


2.995 




5 8.3 


1,470 


3 


28. 36 


23.5 


3.04 3 




59.0 


1,435 


4 


28.36 


23.5 


3.055 




K Q P 


1,424 


5 


CO i OO 


23.5 


3.120 




59.8 


1. 351 


Average 


28. 36 


23.5 


3.040 

I 




5 3.9 


1.438 



Maximum dispersion in C T = 0« 097 , or 6.3 percent 
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TABLE II 

Effect of Tyioe of Maneuver on Ct 

v - ** m jo tt 



Maneuver 


Propeller condition 


Reynolds Number 
(millions) 


max 


Steady glides 


Stopped vertically 


2.207 


1*290 


Slov; pull— lips 


S t oppc d ver t i Daily 


2 , 245 


1.320 


Steady glides 


S topped horizontally 


2.258 


1. 311 


Slow pull-ups 


Stopped hor i zontally 


2.200 


1.366 



TABLE III 



Variation of C T with Propeller Condition 

max 



Propeller condition 


Maneuver 


Reynolds lTum"b e r 
(millions ) 


max 


S t opp e ft 


vert ieally 


Slow pull-ups 


2 . 245 


1 .320 


S topped 


hor i zontally 


Slow pull-ups 


2.200 


1.366 


S t opp e d 


vertically 


Slow pull-ups 


2.840 


1,456 


S topped 


horizontally 


Slow pull-ups 


2.716 


1,458 


S topped 


vertically 


Steady glides 


2.207 


1.290 


S topped 


hor i zontally 


Steady glides 


2.258 


1, 311 


S topped 


hor i zontally 


Slow pull-ups 


2.238 


1, 339 


Idling* 




Slow pull-ups 


2.195 


1,395 


Pull throttle 


Slow pull-ups 


1.957 


1.732 



*0nly one run. 



H.A.C.A. Technical Note No# 622 12 
TABLE IV 

Variation of C T with Reynolds Number 

in ax 



Reynolds Number 


C L 


Propeller 


condition 


(millions ) 


max 






2. 260 


1. 325 


Propeller 


vert i cal 


3.020 


1.467 


Propeller 


vertical 


2.200 


1.366 


Propeller 


hor i zont al 


2.716 


1,468 


Propell or 


ho r i zont al 



TABLE V 

Variation of CL with Wing Surface Condition 

max 









Wing surface condition 


Reynolds Number 
(millions ) 


max 


Highly polished 


2. 204 


1.317 


Thread on upper surface 


2.202 


1.29 8 





Fiirare 4.** Calibration of air-speed installation. 



